Introduction
============

Cigarette smoke (CS) has been used to build an animal model to study some lung diseases such as chronic obstructive pulmonary disease (COPD) [@B1], [@B2], pulmonary hypertension [@B3] and acute as well as chronic lung injury [@B4].

CS can induce inflammatory responses associated with many cytokines and chemokine, such as interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α) and tumor growth factor beta 1 (TGF-β1) [@B5], [@B6], which could participate in activations of the mitogen-activated protein kinases (MAPK) and Janus-activated kinases (JAKs) pathways [@B7], [@B8]. In addition, matrix metalloproteinases (MMPs) have also been demonstrated to be strongly associated with the lung injury [@B9], and could be regulated by MAKP signaling as well as signal transducer and activator of transcription 3 (STAT3) pathways [@B10], [@B11].

Angiotensin II (Ang II) combined with Ang II type I receptor (AT1R), major members in the renin-angiotensin system (RAS), can switch on several key signaling pathways, including activation of the MAPK and JAK pathways [@B12]. *In vitro*, it has been reported that STAT3 phosphorylation induced by Ang II in the renal tubular epithelial cells [@B13];*in vivo*, angiotensin 1-7 (Ang-(1-7)) could prevent bleomycin-induced lung fibrosis and Ang II-induced lung inflammation by inhibiting the MAPK phosphorylation [@B14].

Abnormal RAS function has been implicated in lung injury by inducing pro-inflammatory mediators in the lung [@B15]. Angiotensin-converting enzyme II (ACE2), an integral component of the RAS, could degrade Ang II to a putatively protective peptide Ang-(1-7) which opposes to Ang II [@B16]. ACE2 is observed in the heart, kidney and lungs [@B17]. The actions of ACE2 appear in a variety of lung disease, including pulmonary hypertension, pulmonary fibrosis, and acute respiratory distress syndrome (ARDS) [@B18]. Previous studies have also demonstrated that pulmonary ACE2 could not only regulate the balance of Ang II and Ang-(1-7) [@B19], but also be a probable therapeutic target for pulmonary hypertension [@B20]. Moreover, ACE2 deficiency could exhibit more serious symptoms in a mouse model of ARDS [@B21]. In our previous report, we also found that ACE2 might participate in the activation of specific MMPs in fibrotic processes *in vitro* and *in vivo*[@B22].

In light of the above findings, we hypothesized that ACE2 might play a critical role in the pathogenesis of lung injury. Therefore, we designed a CS-induced lung injury mouse model using ACE knockout (KO) mice to investigate the molecular mechanism of ACE2 in the MMPs and the regulation of related signaling pathways. To test this hypothesis, ACE2 KO and wild-type (WT) mice were exposed to CS for 1 to 3 weeks, and the physiological parameters and activities of ACE, ACE2 as well as MMPs were measured in these mice. Furthermore, we determined the phosphorylation of p38 (p-p38), JNK (p-JNK), ERK1/2 (p-ERK1/2) and STAT3 (p-STAT3) in order to reveal the potential mechanisms underlying the protection of ACE2 against lung injury induced by CS exposure.

Methods and materials
=====================

Mouse model of lung injury induced by CS exposure
-------------------------------------------------

WT (C57BL/6; female) and homozygous ACE2 KO (ACE2^-/-^; female) mice 6 to 8 weeks of age were used in the study. WT mice purchased from National Laboratory Animal Center (NLAC) in Taiwan. The first generation of ACE2 KO (B6; 129S5-Ace2tm1 Lex/Mmcd) mice were obtained from the Mutant Mouse Regional Resource Centers (MMRRC) and then bred in NLAC. The experimental protocol conformed to the Guide for the Care and Use of Laboratory Animals published by National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the animal welfare committees of National Chiao Tung University. In each experiment, 8 mice were simultaneously exposed to CS (4 times /day and 7 days /week, for 1 to 3 weeks) using a smoke-exposure system. Each exposure lasted 30 minutes. Body weight and resting respiratory rate (RRR) were measured every week.

The brand of cigarette used in this study is "New Paradise", a local product of Taiwan, including 0.8 mg nicotine, 10 mg tar and 12.5 mg CO per one cigarette, and around 10-20 mg total particulate matter (TPM) in the cigarette smoke per one cigarette. To simultaneously apply multiple mice of the same group in one time treatment, we set up the smoke-exposure system constructed by a transparent box, a tubular gas channel, 8 porous bottles, a shelf, a cigarette holder and one fan. This box size is 37.5 x 23.8 x 16 cm (length x width x height).

Measurement of respiratory rate
-------------------------------

Lung respiratory rate (BPM, breaths per minute) was measured as described by a previous study with slight modifications [@B23]. The respiratory rate was measured using whole body unrestrained chambers (Emka, Middletown, PA, USA) on live mice exercised for 10 minutes on week 0, 1, 2 and 3 after CS exposure. Data was collected and analyzed using the BIOPAC student lab systems software package (Biopac system, Goleta, CA, USA).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Tissue protein was analysed for TGF-β1, TNF-α and IL-6 using a sandwich ELISA purchased from eBioscience (San Diego, CA, USA). Tissue protein was incubated in ELISA plates in which the wells had been coated with primary antibodies. Following the addition of biotinylated antibodies, the plates were washed and reacted with horseradish peroxidase (HRP)-conjugated streptavidin. Tetramethylbenzidine (TMB) one-step substrate was used to detect the targeted protein and the samples were measured at 450 nm using a micro-plate reader.

Western blotting
----------------

Western blot analysis was performed as previously reported [@B24]. The lung tissue homogenates containing 20 μg of protein were electrophoresed on SDS-PAGE gels and then transferred onto polyvinylidene fluoride membranes. Primary antibodies against p-p38, p-JNK, p-STAT3, p-ERK1/2 and β-actin were purchased from Cell Signaling Technology (Beverly, MA, USA). Chemiluminescence substrates were visualized using enhanced chemiluminescence detection (Immobilon Western Chemiluminescent HRP Substrate; Millipore, Billerica, MA, USA) and exposing the membranes to Lumi-Film Chemiluminescent Detection Film (Roche, Indianapolis, IN, USA). The bands on the images were detected at the anticipated location based on size. The band intensity was quantified using Scion Image software (Scion, Frederick, MD, USA). The amounts of p-p38, p-JNK, p-ERK1/2 and p-STAT3 were expressed relative to the amount of β-actin (as the internal standard) in each sample, respectively.

ACE and ACE2 activity assay
---------------------------

ACE and ACE2 activities were assayed using the fluorogenic substrates Mca-YVADAPK and Mca-APK-Dnp (AnaSpec, San Jose, CA, USA), respectively, according to the report by Vickers et al. [@B25]. The assay was performed in a microquartz cuvette with 20 μL of lung tissue proteins and 2 μL of the fluorogenic substrates (stock concentration: 4 mM ACE substrate/1.5 mM ACE2 substrate) in ACE or ACE2 assay buffer. The reaction was followed kinetically for 1 hour using a fluorescence reader at 330 nm/390 nm. All samples were fitted and plotted using Grafit v. 4.0 (Sigma-Aldrich, St. Louis, MO, USA), and enzyme activity was expressed as RFU/hour/mL. The samples were incubated with the above mentioned reaction mixture in the presence of 1 μM captopril (Sigma-Aldrich; a specific ACE inhibitor) or 1 μM DX600 (AnaSpec; a specific ACE2 inhibitor).

Gelatin zymography assay
------------------------

MMP-2 and MMP-9 activities were detected by gelatin zymography using gelatin-containing gels according to the protocol reported by Chen et al. [@B26]. The protein was mixed with the zymography sample buffer and incubated for 10 minutes at room temperature, and then loaded into SDS-PAGE containing 0.1% (w/v) gelatin (Sigma-Aldrich). After electrophoresis, the gel was washed twice for 30 minutes in zymography renaturing buffer to remove SDS, and then incubated in reaction buffer at 37°C for 18 hours. The gels were then stained with Coomassie blue for 30 minutes and destained with destain buffer for 12 to 16 hours. The presence of enzyme activity was evident by clear or unstained zones, indicating the action of the enzyme on the gelatin substrate. Gelatinase activities in the gel slabs were quantified by Scion Image software (NIH, Bethesda, MD, USA), which quantifies the area of bands hydrolyzed by gelatinase. A recombined MMP-2 or MMP-9 positive controls (Chemicon, Temecula, CA, USA) was contained in each gel as a standard intensity value to normalize sample intensity and express in arbitrary units.

*In situ* zymography
--------------------

Localization of gelatinase activities in lung tissue sections was performed by *in situ* zymography as previously described [@B26], [@B27]. In the assay, frozen tissue sections (6 to 10 μm) were mounted onto slides with 0.05 mg/ml DQ-gelatin (for the assay of gelatinase activity) in 1% PBS containing 0.5 μg/ml propidium iodide (PI; for DNA staining) to counterstain the cell nuclei. Fresh tissues were embedded in O.C.T. (Thermo, Waltham, MA, USA), immediately frozen on dry ice, and stored at -80°C. The substrate gel solution (20 μL) was pipetted onto one slide and the zymographic reaction was carried out at 37°C overnight. Gelatinase activity resulted in the loss of quenching and was visualized by a fluorescent signal under a Leica SP5X confocal laser scanning microscope (Leica, Wetzlar, Germany).

Histological determination
--------------------------

The organ samples were isolated from WT and ACE2 KO mice and a part of right lung were excised and encased in 10% formaldehyde prepared for the hematoxylin-eosin (H&E) staining. The stained sections were photographed using a digital camera mounted on a microscope. Manual planimetry was performed on the microscope using PALM RoboSoftware v2.2 using H&E-stained slices. A computerized microscope equipped with a high-resolution video camera (BX 51; Olympus, Tokyo, Japan) was used for morphometric analysis. The thickness of airway epithelium was calculated by measuring the difference between the area encompassing epithelial cell basement and lumen. This expressed as the epithelial area.

Statistical analysis
--------------------

All of the values are expressed as the mean±standard deviation (SD). Student\'s t-test was used for comparisons involving two groups and the data were compared with one-way analysis of variance (ANOVA) test to evaluate differences among multiple groups. A value of p\<0.05 was considered statistically significant.

Results
=======

CS exposure induces the features of lung injury in mice
-------------------------------------------------------

WT and ACE2^-/-^mice were continuously exposed to CS for 3 weeks and the body weight and RRR were monitored each week. The average initial body weight of the WT mice and ACE2^-/-^mice was 18.9±0.9 g and 19.7±0.7 g, respectively. After CS exposure for 1 week, WT mice markedly lost the body weight to 17.2±0.6 g and ACE2^-/-^ mice lost the body weight to 18.4±0.8 g. Then, the body weights increased slightly in the 2- and 3-week of CS exposure; however, the mice did not return to their initial body weight. In contrast, the air-exposed WT and ACE2^-/-^ mice steadily gained weight during the experimental period **(Figure [1](#F1){ref-type="fig"}A**and**1B)**. The average RRR of WT and ACE2^-/-^ mice was approximately 300 bpm before the experimental treatment, but the RRR of the mice exposed to CS for 1 to 2 weeks was significantly increased. The increasing RRR induced by CS exposure was more significantly in ACE2 KO mice compared to the WT mice**(Figure [1](#F1){ref-type="fig"}C)**. In WT mice, RRR increased to approximate 400 BPM progressively by CS exposure for 3 weeks. By comparison, RRR of ACE2^-/-^ mice exposed with CS for 3 weeks was significantly increased to approximate 550 BPM.

Upon analysing the expression of immunokines, we confirmed that CS exposure could induce pulmonary inflammation in the mice. The levels of pulmonary TGF-β1**(Figure [1](#F1){ref-type="fig"}D)**, TNF-α **(Figure [1](#F1){ref-type="fig"}E)** and IL-6**(Figure [1](#F1){ref-type="fig"}F)** in the WT mice exposed to CS for 3 weeks was approximately 2, 3 and 4-folds higher than in the control mice, respectively. In the ACE2^-/-^mice, the increasing levels of pulmonary TGF-β1, TNF-α and IL-6 were significantly higher than in the WT mice. For example, the levels of TNF-α in the ACE2^-/-^mice exposed to CS for 3 weeks was 167.9±26.9 pg/ml that was almost twice as much as the level in WT mice (82.7±3.7 pg/ml).

CS exposure also induced histological changes in the lungs, especially in the ACE2^-/-^mice. The WT and ACE2^-/-^ mice were exposed to CS for 0 (as control), 1, 2 and 3 weeks, and then the animals were sacrificed to isolate the lung tissues for pathological examination. The lung alveolar and bronchiole sections of CS-exposed WT and ACE2^-/-^ mice were stained by H&E and the results showed that CS exposure promotes white blood cell (WBC) infiltration around the alveolus **(Figure [2](#F2){ref-type="fig"})** and the airway epithelial thickening**(Figure [3](#F3){ref-type="fig"})**. Moreover, the airway epithelial thickening yielded earlier and the infiltration was more severe in the CS-exposed ACE2^-/-^mice compared to the WT mice **(Figure [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"})**.

ACE and ACE2 activities in the lungs of mice are induced by CS exposure
-----------------------------------------------------------------------

The activities of pulmonary ACE and ACE2 in the mice exposed to CS for 0, 1, 2 and 3 weeks were investigated to test the hypothesis that RAS mediators could participate in the pathogenic induction of lung injury. The pulmonary ACE activity of WT and ACE2^-/-^ mice increased significantly. After CS exposure for 3 weeks, the level of pulmonary ACE activity in the WT and ACE2^-/-^ mice increased by 1.4 and 1.9-fold compared to the controls, respectively. Notably, the ACE activity induced by CS exposure in the lungs of ACE2^-/-^ mice was significantly higher than in the WT mice**(Figure [4](#F4){ref-type="fig"}A)**. Relative ACE2 activity in the lungs of WT mice was significantly upregulated to approximately 1.8-fold after 3 weeks of CS exposure **(Figure [4](#F4){ref-type="fig"}B)**.

Gelatinase activities are induced in the lungs of CS-exposed ACE2 KO mice
-------------------------------------------------------------------------

We detected the gelatinase activities, including MMP-2 and MMP-9, in the lung sections using an *in situ* zymography assay to locate and compare the pulmonary gelatinase activity between the WT and ACE2 KO mice. The gelatinase activity was mainly expressed near the alveolus and bronchioles **(Figure [5](#F5){ref-type="fig"})**. In the WT mice, the gelatinase activity showed little increase after espousing to CS for 1 week, but it was slightly reduced in the bronchioles after 3-week CS exposure. In contrast, the gelatinase activity near the alveolus and bronchioles was continuously and markedly increased in the ACE2^-/-^ mice exposed to CS throughout the 3 weeks treatment period.

To provide further evidence that ACE2 could affect the gelatinase activity in the lungs, we assessed the MMP-2 and MMP-9 activities in the lung homogenate using a gelatin zymography assay **(Figure [6](#F6){ref-type="fig"}A)**. The pulmonary MMP-2 activity in the WT mice progressively decreased with increasing CS exposure time, although the decrease did not reach statistical significance**(Figure [6](#F6){ref-type="fig"}B)**. The pulmonary MMP-9 activity in the WT mice was decreased progressively with the CS exposure treatment time and the decrease was statistically significant after 2 weeks treatment **(Figure [6](#F6){ref-type="fig"}C)**. On the other hand, the MMP-2 and MMP-9 activities in the lungs of CS-exposed ACE2^-/-^ mice were proportional increase with the time of exposure. In these mice, the pulmonary MMP-2 and MMP-9 activity by the CS-exposed treatment for 3 weeks was significantly enhanced by approximately 1.5-fold and 3-fold compared to the controls, respectively**(Figure [6](#F6){ref-type="fig"}D**and**6E)**.

Loss of ACE2 increases pulmonary p-STAT3 expression in CS-induced lung injury
-----------------------------------------------------------------------------

In the mice with lung injury induced by CS exposure, we found that the pulmonary immunokines, TGF-β1, TNF-α and IL-6, were increased upon CS exposure in the ACE2^-/-^ mice. The CS-induced inflammatory response is associated with these immunokines that participate in the activation of the MAPK and JAK-STAT3 signaling pathways. To further examine whether the existence of ACE2 could also affect the mediator of MAPK and JAK-STAT3 signaling pathways in the injured lungs, we investigated the levels of p38, JNK, ERK1/2 and STAT3 phosphorylation (i.e., p-p38, p-JNK, p-ERK1/2 and p-STAT3) in the lung tissues isolated from mice via western blotting (**Figure [7](#F7){ref-type="fig"}A**). The experimental results show that CS exposure led to a significant increase in pulmonary p-p38, p-JNK and p-ERK1/2**(Figure [7](#F7){ref-type="fig"}B, 7C and 7D)** in both of WT and ACE2 KO mice. However, the induced p-STAT3 by CS exposure was observed in the ACE2 KO mice, but not in the WT mice (**Figure [7](#F7){ref-type="fig"}E**). Taken together, the data suggest that ACE2 can affect STAT3 phosphorylation in mice upon CS-induced lung injury.

Discussion
==========

In the present study, we demonstrated CS-induced lung injury in ACE2 KO mice using physiological, biochemical and pathological examinations. Our results show that induction of inflammation and lung damage **(Figure [1](#F1){ref-type="fig"}**,**2**and**3)**, increase in pulmonary ACE and ACE2 **(Figure [4](#F4){ref-type="fig"})**, decrease in MMP-2 and MMP-9 activities **(Figure [5](#F5){ref-type="fig"}**, **6B**and**6C)**, and p-STAT3 level did not be enhanced **(Figure [7](#F7){ref-type="fig"}C)** in the WT mice exposed to CS for 1 to 3 weeks. In the ACE2 KO mice, more serious responses in inflammation, lung damage **(Figure [1](#F1){ref-type="fig"}**,**2**and**3)** and ACE increase **(Figure [4](#F4){ref-type="fig"})** compared to WT mice were observed. Pulmonary MMP-2 and MMP-9 activities were increased **(Figure [5](#F5){ref-type="fig"}, 6D**and**6E)** and pulmonary p-p38, p-JNK, p-ERK1/2 and p-STAT3 levels were also increased **(Figure [7](#F7){ref-type="fig"})** in the CS-exposed ACE2^-/-^ mice. According to the results, we proposed that ACE2 deficiency could accelerate the development of lung injury via the influences on STAT3 activation and the modulation of MMPs activity.

Some studies implicated the RAS dysregulation could cause lung injury [@B21], [@B28] and RAS blockade, including ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs), could exhibit beneficial effects in the treatments for lung diseases [@B29], [@B30]. However, these RAS blockers have been reported to induce some side effects; for example, both ACEIs and ARBs can cause cough, dizziness and headache [@B31], [@B32]. The ACE/ Ang II axis in RAS is associated with the development of several pulmonary diseases; however, much less is known about what mechanisms affected by ACE2 in the development of lung injury. ACE2, an ACE homologue, appears to be a negative regulator of the RAS and counterbalances the function of ACE. ACE2 reduces the generation of Ang II by catalyzing the conversion of angiotensin I (Ang I) to angiotensin 1-9 (Ang-(1-9)) and facilitating hydrolysis of Ang II to Ang-(1-7). Ang-(1-7) has been recognized as a potential endogenous inhibitor of the classical RAS cascade [@B33]. Hence, the ACE2/Ang-(1-7) axis may be an important negative modulator of Ang II bioactivity, counteracting the effects of ACE in determining Ang II levels.

Previous ARDS and SARS studies have shown that ACE2 protected murine lungs from severe acute injury [@B21]. Accumulating evidence has shown that ACE2 is important to lung endothelial function and pathophysiology; for instance, the level of pulmonary ACE2 decreased significantly in patients with idiopathic pulmonary fibrosis and bleomycin-induced pulmonary fibrosis was associated with ACE2 activity [@B34]. Additionally, some studies have reported that ACE2 was a cardiopulmonary protector because Ang II upregulated ACE and downregulated ACE2 in patients with hypertension [@B35] as well as higher cardiac ACE2 activity with increased Ang-(1-7) existed in patients with pulmonary hypertension [@B36]. These findings led us to hypothesize that ACE2 could have a protective effect against lung injury.

To study the role of ACE2 in lung injury, we utilized a mouse model of CS-induced lung injury. Previous studies have noted that TGF-β1 [@B37], TNF-α [@B38] and IL-6 [@B5] are associated with various pulmonary diseases, including asthma, chronic bronchitis, acute lung injury, COPD and ARDS. In our results, TGF-β1, TNF-α and IL-6 levels in the lungs of ACE2 KO mice were higher than in WT mice after CS exposure **(Figure [1](#F1){ref-type="fig"})**. Moreover, we observed that the pulmonary inflammation and pathogenic lesions in ACE2 KO mice were developed faster and were more serious than in WT mice **(Figure [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"})**. From the perspective of these pathological changes, the progression of lung injury in the ACE2 KO mice was more rapid than WT mice, demonstrating that the existence of ACE2 may play an important role to alleviate the damage from CS exposure.

Our study show that CS exposure increased pulmonary ACE and ACE2 activity and the lack of ACE2 could induce more pulmonary ACE activity in CS-exposed mice **(Figure [4](#F4){ref-type="fig"})**. In the part of CS-induced ACE is confirmed by the finding as previous study in a rat study [@B39]. Controversially, the ACE2 activity was decreased in the lungs of the rat treated with CS exposure for 6 months [@B39]. Although we did not have plasma or bronchoalveolar lavage fluid (BALF) to detect the levels of Ang II and Ang-(1-7) in mice in this study, our further study will do this part experiment to investigate whether activation of ACE2 is affected by other RAS module, e.g., Ang II, Ang-(1-7) or hypoxia during the CS exposure [@B40], in the mouse model of CS-induced lung injury.

MMPs, especially MMP-2 and MMP-9, have been implicated in pulmonary inflammation and diseases, including asthma, emphysema, pulmonary hypertension and lung injury [@B41], [@B42]. MMP modulation could also be a potential therapeutic strategy against lung injury [@B41]. Recent studies have shown that MMP-2 and MMP-9 expression can be regulated by ACE2 [@B20], [@B43]. This regulation could be responsible for an anti-inflammation effect in the lungs during CS-induced injury. We also found that CS exposure induces more gelatinase activity around the alveolus and bronchioles in the ACE2 KO mice than WT mice**(Figure [5](#F5){ref-type="fig"})**. Consistently, pulmonary MMP-2 and MMP-9 increased markedly in smoke-exposed ACE2 KO mice **(Figure [6](#F6){ref-type="fig"})**. Previous studies have reported that ACE2 could upregulate the gelatinase activation [@B20], [@B43]; nevertheless, some research has also pointed out that markedly increased MMP-2 and MMP-9 in vascular inflammation and atherosclerosis in ACE2-deficient hearts [@B44], [@B45]. The latter study is consistent with our data that absence of ACE2 could also promote the activation of MMPs in the lungs in our animal model. Inflammatory responses were induced by the abnormal activation of Ang II/AT1R axis in RAS [@B46] and ACE2 could degrade Ang II into Ang (1-7) to bind with Mas receptor (i.e., Ang (1-7)/Mas axis) to restrain the inflammation. Therefore, we proposed the existence of ACE2 could downregulate the gelatinase activity in a normally physiologic condition; on the contrary, we inferred that overactive Ang II/AT1R axis could consistently induce more inflammatory responses and increase activity of MMP-2 and/or MMP-9 in the ACE2 deficient mice.

Many studies have shown that the RAS takes part in the pathogenesis of many inflammatory diseases [@B15]-[@B20]. Increased ACE2 lessened pro-inflammatory cytokines such as TNF-α, IL-6 and TGF-β1 and elevated some anti-inflammatory cytokine [@B36], [@B47]-[@B48]. In addition, these pro-inflammatory factors were associated with MAPK pathways [@B49]. Previous studies have also reported that the levels of phosphorylated ERK1/2 and STAT3 were significantly increased in the hearts of Ang II-treated mice [@B50]. Other researchers have also proved that CS can induce p38 [@B51] and JNK [@B52] activation in experimental mice. However, the downstream signaling pathways regulated by ACE2 during lung injury are rarely reported. Therefore, it is worthy to note that the MAPK signaling p38, JNK and ERK1/2 and STAT3 phosphorylation in the lung tissue of ACE2 KO mice with CS-induced injury. Moreover, the MMPs activation participates in many biochemical responses, and many transcription factors, such as STAT3, are activated during the process [@B53]. MMPs could be activated indirectly via MAPK signal pathways [@B54]. In our study, we also provided the experimental evidence to support the CS-induced lung injury being associated with MAKP pathway. We found that increased p-ERK1/2 in the WT and ACE2 KO mice upon CS exposure. Additionally, the levels of p-p38 and p-JNK in both WT and ACE2 KO mice were also increased by CS exposure. This result is consistent with previous reports that CS exposure could enhance p38, ERK1/2 and JNK phosphorylation to regulate key inflammatory, proteolytic and apoptotic responses in the lungs [@B11], [@B55]-[@B57]. Interestingly, CS exposure induced greater p-STAT3 expression in the ACE2 KO mice, but the p-STAT3 expression had no significant changes in the CS-exposed WT mice **(Figure [7](#F7){ref-type="fig"})**. According to our results, p-p38, p-JNK and p-ERK1/2 appeared to be insignificantly affected by the presence of ACE2. By contrast, the relationship between ACE2 and STAT3 was unexpectedly close. Taken together, these evidences strongly suggest that MMPs activation could be associated with ACE2 and p-STAT3 expressions in the early stages of lung injury.

Conclusions
===========

The present study is the first time to use CS-induced lung injury mouse model to demonstrate that ACE2 deficiency not only promoted CS-induced pulmonary inflammation and gelatinase activity but also caused STAT3 activation. However, we also found that there are no different between WT and ACE2 KO mice on activating p38, JNK, ERK1/2 from the beginning of CS-induced lung injury. We speculate that ACE2 maybe have certain capability to protect lung from CS-induced injury, but further studies are necessary to substantiate this conclusion. Moreover, the changes of circulating or pulmonary Ang II and Ang-(1-7), and the effects of both peptides reperfusion on CS-induced lung injury remain to be further study.
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![**Hallmark features of lung injury induced by CS exposure in the mouse model.**WT (C57BL/6, n=8 for each group) mice and ACE2 KO mice (homozygous ACE2^-/-^, n=8 for each group) were exposed to CS or air for 3 weeks. (**A)** and **(B)**The changes of body weight of the WT and ACE2^-/-^ mice exposed with CS or air, respectively. † p\<0.05 and ‡ p\<0.01 compared with the 0 week; \*\* p\<0.01 compared with the mice after 3 weeks of CS exposure. **(C)** The measurements and comparisons of the resting respiration rate (RRR) of the mice exposed to CS for 3 weeks. The animals were sacrificed to isolate the lung tissues for **(D)** TGF-β1, **(E)** TNF-α and **(F)** IL-6 determination using an ELISA assay. All of the values are expressed as the mean±SD from each group; † p\<0.05 and ‡ p\<0.01 compared with the control (i.e., 0 week); \* p\<0.05 and \*\* p\<0.01 compared with the WT mice at the same CS-exposed week.](ijbsv12p0454g001){#F1}

![**Alveolar infiltration of white blood cells yielded in the experimental mice with CS-induced lung injury.**The lung alveolar sections of CS-exposed WT and ACE2^-/-^ mice were stained with haematoxylin-eosin (H&E). The non-CS treated mice were defined as the control group. Relative to the control mice, there were increases in the infiltration of white blood cells around the alveolus in the CS-exposed WT and ACE2^-/-^ mice. (Scale=50 μm)](ijbsv12p0454g002){#F2}

![**Changes of airway epithelial tissue yielded in the experimental mice with CS-induced lung injury.**The lung bronchiole sections of CS-exposed WT and ACE2^-/-^ mice were stained with haematoxylin-eosin (H&E). The non-CS treated mice were defined as the control group. Relative to the control mice, there were increases in the infiltration of white blood cells around the airway and airway epithelial thickening in the CS-exposed WT and ACE2^-/-^ mice.](ijbsv12p0454g003){#F3}

![**The pulmonary ACE and ACE2 activities were induced by CS exposure.** WT mice and ACE2^-/-^ mice were exposed to CS for 0 (Control), 1, 2 and 3 weeks, and then the animals were sacrificed to isolate lung tissues for ACE and ACE2 activity assays. The values of ACE and ACE2 activity in the control group were calculated as 100%. **(A)** The pulmonary ACE activities in WT and ACE2^-/-^ mice were progressively increased with CS exposure. **(B)** The relative ACE2 activity in WT mice was increased upon CS exposure. All of the values are expressed as the mean±SD from each group (n=8 for each group); † p\<0.05 and ‡ p\<0.01 compared with the control group in WT mice; \* p\<0.05 and \*\* p\<0.01 compared with the control group in ACE2^-/-^ mice.](ijbsv12p0454g004){#F4}

![**More gelatinase activity expressed in the pulmonary alveolus and bronchioles of CS-exposed ACE2 KO mice.** The location and gelatinase activity in the lungs of WT and ACE2^-/-^ mice exposed to CS for 1 to 3 weeks were detected using*in situ* zymography. The FITC signal (green) is released upon cleavage of the gelatin substrate and the nuclear signal (red) is stained. Gelatinase activity around the alveolus was significantly increased in the CS exposed ACE2^-/-^ mice, but not in the CS-exposed WT mice. Bronchiolar gelatinase activity was significantly increased in the CS-exposed mice, especially in the ACE2^-/-^ mice. Images were captured at low magnification (Scale=100 μm).](ijbsv12p0454g005){#F5}

![**Pulmonary MMP-2 and MMP-9 activities elevated in CS-exposed ACE2 KO mice.**The WT and ACE2^-/-^ mice were exposed to CS for 1 to 3 weeks and sacrificed for the assays. **(A)** The activities of MMP-2 and MMP-9 in the lungs of WT and ACE2^-/-^ mice were determined using a gelatin zymography assay. The value of MMP-2 and MMP-9 activities in the control mice was calculated as 100%. **(B)** CS exposure did not lead to a change in pulmonary MMP-2 activity, but**(C)** decreased pulmonary MMP-9 activity in the WT mice. (**D)** MMP-2 and **(E)** MMP-9 activities in the lungs of ACE2^-/-^ mice were significantly upregulated upon CS exposure. All of the values are expressed as the mean±SD from each group (n=8); \* p\<0.05 and \*\* p\<0.01 compared with the control group.](ijbsv12p0454g006){#F6}

![**Pulmonary p-p38, p-JNK, p-ERK1/2 and p-STAT3 elevated in CS-exposed ACE2 KO mice.**The WT and ACE2^-/-^ mice were exposed to CS for 1 to 3 weeks and sacrificed for the assays.**(A)**The level of p-p38, p-JNK, p-ERK1/2 and p-STAT3 in the lungs was determined by immunoblotting. β-actin was used as the internal controls for p-p38, p-JNK, p-ERK1/2 and p-STAT3, respectively. The levels of p-p38, p-JNK, p-ERK1/2 and p-STAT3 expression in the non-CS exposed mice were calculated as 100% and defined as the control. The relative pulmonary **(B)** p-p38,**(C)**p-JNK,**(D)**p-ERK1/2 expression of the WT mice was increased upon CS exposure. **(E)**The relative p-STAT3 expression of WT mice showed no significant difference after CS exposure, but p-STAT3 expression was induced significantly by CS exposure in the lungs of ACE2^-/-^ mice. All of the values are expressed as the mean±SD from each group; † p\<0.05 and ‡ p\<0.01 compared with the control group in WT mice; \* p\<0.05 and \*\* p\<0.01 compared with the control group in ACE2^-/-^ mice.](ijbsv12p0454g007){#F7}
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